Endothelial progenitor cells (EPCs) correspond to a population of cells with novel properties capable of angiogenesis and vasculogenesis, thus they are likely to display unique role in the reconstitution of the blood brain barrier (BBB) after stroke. Laboratory evidence supports safety and efficacy of cell therapy for stroke, with limited clinical trials recently initiated. This lab-toclinic ascent of cell-based therapeutics has been aided by the establishment of consortium consisting of thought-leaders from academia, industry, National Institutes of Health (NIH) and the United States Food and Drug Administration (FDA). However, there remain unanswered questions prior to realization of large-scale application of cell transplantation in patients. This review article discusses translational challenges associated in cell therapy, emphasizing the need for optimizing both safety and efficacy profiles for advancing the clinical applications of EPC transplantation for stroke patients.
INTRODUCTION
Stem cell-based therapeutics for stroke have recently commenced in the clinic [1] [2] [3] . This is a welcome relief for many stroke patients. Despite the advance in our scientific knowledge, stroke is still a major cause of death and disability worldwide. Accordingly, finding a novel treatment, which can be effective well beyond the acute 3-hour window after disease onset, is being heralded as a unique treatment regimen in the clinic. In 1998, the world's first clinical trial of cell therapy in stroke was performed [4] . In recent years, the advancement of stem cell-based therapeutics from the laboratory to the clinic has been guided by research recommendations from STEPS (Stem Cell Therapeutics as an Emerging Paradigm for Stroke), a consortium of experts from the academia, industry, NIH and FDA. These STEPS guidelines are designed to enhance the safety and efficacy of stem cell-based therapeutics as we translate these novel treatments to stroke patients. We discuss here how endothelial progenitor cells (EPCs) can take advantage of STEPS as the cells move toward clinical application.
EPCS FOR CELL THERAPY
There are distinct stem cell populations in the bone marrow [5] . Hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), EPCs and very small embryonic-like stem cells (VSELs) are some of these stem cells shown to commit toward neural lineage [6] though controversial, and have the ability to secrete growth factors [7] [8] [9] . A key chemoattractant process exploited by HSCs [11] [12] [13] for their mobilization and migration is the SDF-1/ CXCR4 signaling pathway [14] . On the other hand, the plastic-adherent MSCs [15] , which are phenotypically divergent from HSC, exert their therapeutic potential by their multiple lineage differentiation [16] [17] [18] [19] [20] . Although as noted above, the neuronal differentiation of MSCs has been challenged as the mechanism underlying the observed functional recovery in stroke [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . An alternative mechanism of repair by cell therapy in stroke is the stimulation of resident stem cells. To this end, VSELs are detected in mature tissues [31] [32] [33] and initially migrate to the circulation and subsequently to the site of injury after an insult [31, 34] . The recognition of stem cells (i.e., VSELs) in the circulatory system is paralleled by detection of EPCs in the vasculature [35] [36] [37] [38] [39] . Similar to VSELS, EPCs have been detected in adult tissues [40, 41] . Transplanted EPCs honed to immature vasculature of damaged tissues following stroke [35] , suggesting that they actively contribute to angiogenesis and vasculogenesis [35, 36, 39, [41] [42] [43] . A unique advantage of EPCs over HSCs, MSCs and VSELs is their potential to repair the damaged neurovasculature. We posit that the reconstitution of the blood brain barrier (BBB) in stroke can be achieved by EPCs via their angiogenic and vasculogenic properties. Indeed, stroke patients arguably with damaged BBB have received EPC transplantation based on the cells' reparative effects on the vasculature [44] . The subsequent sections discuss the translational caveats for advancing EPC therapy in stroke.
SAFETY AND EFFICACY PROFILING OF EPCS
The STEPS consortium, now on its third meeting, is designed to optimize safety and efficacy of stem cell-based therapeutics in stroke [3] . In this vein, the recognition that ischemic stroke has several subtypes necessitates the need for laboratory studies [45] . Stroke heterogeneity requires careful preclinical modeling, with the use of young and old animals, male and female animals, transient and permanent models in order to optimize the cell transplant regimen [1, 3, [46] [47] [48] . Additionally, for safety concern the large animal with closer vasculature as humans may be a better model to address the toxicology readouts to eliminate the possibility that transplanted cells leads to microembolism. With this safety issue in mind, the different routes of cell delivery should also be critically assessed, which may reveal relegating this transplant approach to a certain stroke population, e.g., acute versus chronic stroke patiens. Altogether, the safety assessment needs to be conducted in parallel with efficacy readouts in order to fully assess the value of this novel treatment. Along this line, the safety of EPCs has been examined in the clinic [49] . Because these studies are open label trials, and consist mostly of descriptive data, and a small sample size, they warrant a careful examination of the safety data.
The investigation of EPCs in neurovascular disease in the clinic is limited to a few observational studies. Transient upregulation of CD34+ cells was seen acutely which waned over time [50] , while there was a reduced detection of adherent cells in patients diagnosed with neurovascular injury compared to controls free of vascular disease [38] . With a small patient population, these discrepant results are expected. Accordingly, a similar scrutiny of EPC efficacy data is indicated.
STEPS REQUIREMENTS FOR EPC THERAPY IN STROKE
A basic STEPS requirement is the characterization of the donor cell [3] . As noted above, a panel of surface antigen markers and a molecular signature of stemness behavior, as well as expected function [42, [51] [52] [53] [54] , have been employed to harvest EPCs [35, 42, 52, 53, 55, 56, 57] . Recently, the AC133 surface marker has been utilized to isolate EPCs [42, 54] , and the colabeling with known EPC-antigen labels [42, 54, 58] . In addition, CD34 positive EPCs have been shown to differentiate into mature endothelial cells [39, 49, 56] . Finally, functional profiling has also been performed to reveal EPC phenotypes [35, [58] [59] [60] .
CELL TRANSPLANT REGIMEN FOR EPCS
Here, a forward-looking approach in the preclinical study should reveal clinically relevant transplant regimen. A keen eye directed at the clinical stroke scenario will aid in expediting the clinical entry of cell therapy. A scenario involving stereotaxic transplantation of cells immediately after stroke would indicate the likely need for a neurosurgeon to administer the cells. On one hand, the demonstration that cell injection is possible through peripheral route would expect a patent chemoattractant pathway to guide the cells during the early state of the disease. In a similar fashion, the knowledge of mechanism of action will be critical to optimizing the transplant regimen. The putative vasculature-restorative feature of EPC implicates the need to better understand the timing of neurovascular damage that would allow robust functional outcome. In the end, the multiple technical issues (dose, route and timing of cell transplantation) and relevant clinical scenarios need to be an integral part of the experimental design for successful clinical translation of cell therapy in stroke Fig (1) .
FUNCTIONAL CHARACTERIZATION OF EPC TRANSPLANTS IN STROKE
A realm of motor deficits accompanies the rodent model of ischemic injury [60] [61] [62] [63] [64] . The recognition of the need to assess cognitive deficits has also been acknowledged because stroke presents with both motor and cognitive impairments in the clinic. A major caveat for assessing cognitive behaviors in experimental stroke is that the cognitive areas of the brain should be injured, indicating that not all stroke animals may be appropriate for cognitive testing. For both motor and cognitive tests, the need for long term testing (i.e., minimum of one month post-stroke) is required to reveal the stability of therapeutic outcomes. In view of EPCs' unique features related to BBB repair, the choice of functional tests may benefit from combined evaluation of BBB repair as a mechanism underlying the functional recovery in stroke animals. In this case, a rationale and logical functional characterization of EPC transplantation will allow elucidation of cellular and molecular pathways of stem cell-based therapeutics. Indeed, the US FDA has been enthusiastic in recent years in obtaining insights into these signaling pathways. For EPC, it appears that its stroke target is the subsequent BBB breakdown after the initial ischemic event. Aberrant inflammatory responses following this ischemic event promote cell death processes, including BBB breakdown in turn allowing the CNS entry of more pro-inflammatory factors and altogether exacerbating the stroke pathology [65] . Although it is not clear, transplanted EPCs may restore the barrier's integrity and function. Additional studies are warranted to reveal the role of EPCs in BBB restoration as a mechanism of action in stroke therapy. Imaging modalities such as functional magnetic resonance imaging may reveal not only graft survival, but also host tissue response (i.e., BBB status) after stroke and transplantation [66, 67] .
CONCLUSIONS
Cell-based stroke therapeutics using EPCs require a careful and systematic laboratory-toclinic translational research. Preclinical studies need to pursue a rigorous set experiments designed to critically assess both safety and efficacy of EPCs. Moreover, the understanding of EPC mechanism of action will be key to optimizing EPC therapy in stroke. In particular, that EPCs are closely associated with angiogenesis and vasculogenesis implicate a novel mechanism of action involving EPCs' critical role in BBB repair following stroke. Their mobilization and migration to the ischemic injury, both endogenously and following exogenous transplantation, concomitant with improved vasculature integrity, indicate their robust ability to abrogate BBB breakdown [68, 69] . A combination of basic science research addressing the mechanism of action, and the aggressive translational platform harnessing close collaboration with academic and industry researchers, and NIH and FDA regulators should allow a safe and effective EPC transplant therapy for stroke.
Fig (1).
EPC transplantation and BBB repair. Neurovascular repair is achieved via endogenous EPCs mobilized towards the ischemic brain, which can be enhanced by exogenous EPC delivery either from the periphery or direct intracerebral transplantation (Panel A). Following honing to the area of injured vasculature, the EPCs promote restoration of BBB, potentially affording anti-inflammatory effects then abrogating stroke-induced histopathological symptoms (Panel B).
